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If a quantum fluid is put in motion with enough angular momentum, at equilibrium the ground
state of the system is given by an array of quantised vortices. In a driven-dissipative polariton fluid,
we demonstrate that the reverse process is also possible. Upon initially imprinting a static and
regular vortex array, the quantum fluid starts rotating. By tracking on picosecond time scales many
quantized vortices, we present the first measure of rigid-body rotation in a polariton condensate.
Such many-body motion agrees with the Feynman quantization of superfluid velocity, which we
show to be valid even if our system is expanding and equilibrium is never attained.
PACS numbers:
One of the most remarkable characteristics of a Bose-
Einstein condensate (BEC) is its response to rotation
[2]. Differently from a conventional fluid, in the “rotating
bucket” experiment a condensate does not rotate with
the bucket for angular velocities slower than a critical
value [17, 20]. The absence of friction with the bucket
walls is a unique property of superfluids, which realize
the ideal case of irrotational flow. But the velocity field of
superfluids is irrotational up to phase defects, i.e. quan-
tized vortices, which allow the condensate to have a finite
angular momentum. As a consequence, for a driving an-
gular frequency larger than a critical value [18], the su-
perfluid breaks into the formation of quantized vortex fil-
aments in 3D, or point-like vortices in 2D, as observed in
superfluid helium and ultracold atomic condensates [19].
Vortices appear commonly in nature, manifesting
themselves not only in macroscopic matter but also in
structured electronic and optical fields. Optical vor-
tices were introduced already thirty years ago as solu-
tions of the Maxwell-Bloch equations, leading to the gen-
eralization of the orbital angular momentum for light
beams [14, 16]. Interestingly, a profound analogy ex-
ists between laser physics and superfluids dynamics, since
it is well-known that laser equations can be derived
from the complex Ginzburg-Landau equations (CGLEs),
which describe a vast variety of phenomena such as super-
conductivity, superfluidity, and Bose-Einstein condensa-
tion [15]. With respect to the optical vortices observed
in paraxial vortex beams, CGLEs include light-matter
interaction as a Kerr type nonlinearity. The nonlinear-
ity, absent in pure optical beams, is the linking element
between dark vortex solitons in a defocusing nonlinear
medium and quantized vortices in a superfluid [13].
Exciton-polaritons are a relatively new example of su-
perfluid [9–11], in which a macroscopic coherent state
is formed even far from the thermal equilibrium con-
dition [8]. Exciton-polaritons (polaritons hereafter) are
bosonic quasi-particles which result from the strong inter-
action between light and matter in semiconductor micro-
cavities, with embedded quantum wells. In most cases,
their dynamics is well described by a generalized Gross-
Pitaevskii (GP) equation, which takes into account the
driven-dissipative character of polaritons [12]. In the past
decade, quantized vorticity in polariton fluids was ob-
served under a variety of pumping conditions [7, 25]. No-
tably, under resonant excitation, the phase and density
of the polariton fluid can be imprinted by optical shaping
of the pumping laser beam [5, 32]. Highly nonlinear ef-
fects on the nucleation of vortices and solitons have been
shown, as well as their all-optical manipulation and trap-
ping in propagating polariton fluids [6, 31].
In this Letter, we report the creation on demand of a
lattice of quantized vortices in a polariton fluid, and the
observation of the evolution of both density and phase
of the macroscopic condensate wavefunction on picosec-
ond timescale. Each vortex has a dual function in our
case. It participates to the build up of a rigid-body rota-
tion in the initial condition, and it acts as a test particle
which enables the observation of the condensate dynam-
ics, therefore revealing different features of the vortex
motion, i.e., rotation and expansion. Despite the pres-
ence of the latter, clearly not-rigid component, we will
still refer to rigid-body rotation in the sense that the az-
imuthal velocity of the whole lattice scales up as ∝ r,
to be opposed to the typical ∝ 1/r behavior of a single
quantum vortex. The vortex lattice starts indeed to ro-
tate according to the Feynman-Onsager relation ruling
the quantization of the velocity field, that we show to
be valid also for dissipative systems, such as polaritons.
Moreover, differently from the cases of helium or trapped
atomic gas, here the quantum fluid is free to expand.
A conformal reshaping made of straight lines paths
with perfectly synchronized azimuthal and radial move-
ments emerge in the dynamics, with small deviations due
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2Figure 1: Schematic representation of the experimental setup.
A laser beam is split in half and then diffracted by a spatial
light modulator (SLM), where the phase pattern of a lattice
of vortices is displayed. The patterned beam passes through
the sample and the photo-luminescence is made interfere with
a reference, properly delayed, of the original laser. The inter-
ferogram is acquired by a CCD camera.
to the radial push of the repulsive polariton-polariton
interactions. It is found that the initial vortex lattice
density, or equivalently its inter-vortex spacing, is the
characteristic length which determines the strength
of the rigid-like rotation, and as such, once set into
free motion, determines both the expansion rate of the
lattice and its instantaneous angular velocity. In such a
scenario, a larger polariton repulsive strength produces
a radial push bearing a faster expansion, dominated by
the superfluid kinetic energy, yet preserving the lattice
shape with small deviations from the regular array.
In the opposite limit of vanishingly small interaction
strength, each vortex core expands, eventually matching
the inter-vortex distance, and a regime where the lattice
is strongly distorted by inter-vortex interference is
reached.
We use a semiconductor planar microcavity with 12
GaAs quantum wells embedded in two distributed Bragg
reflectors (see [28] for details). A pulsed excitation tuned
on resonance with the polariton energy is used to im-
print our vortex lattice state. As shown in Fig. 1, the
time resolved evolution is obtained by interfering the sig-
nal coming from the microcavity with a sample of the
exciting pulse. Digital off-axis holography allows to re-
trieve the spatial distribution of both density and phase
of the polariton fluid in the 2D plane of the microcav-
ity [4]. By changing the time delay between the pump
and the reference pulses, the evolution dynamics of the
polariton quantum fluid is obtained. The phase and the
velocity fields of the initial state of the system with a
regular lattice of 7× 7 vortices with the same unit topo-
logical charge are shown in Fig. 2a . The black square
overlapped to the phase profile marks the boundary to
the lattice. Due to the internal concentration of vortex
charges, the largest momentum |k| is reached immedi-
ately out at the boundary to such region (apart from lo-
Figure 2: (a) Phase map ϕ(r) of the initial state of a 7 × 7
square lattice of vortices (left) with the associated momentum
k(r) = ∇ϕ map representing the velocity field (right). The
color scale of the momentum map is saturated at k = 2 µm−1.
(b) The normalized amplitude maps over a span of 45 ps. The
outer boundary of the lattice is shown by a square (thin line)
in the panels.
cal fluctuations). The background amplitude profile (Fig.
2b) to the lattice is not uniform, but modulated by the
Gaussian profile of the laser beam. Once the pulsed res-
onant excitation is over, the polariton lattice rotates in
a rigid-body movement, such that the fluid, irrotational
for simply-connected regions in the lattice, effectively ap-
pears as a rotational fluid in a coarse grained picture (in
Fig. 2, time-shots illustrate the evolution of the polariton
density in the first 45 ps).
The velocity circulation around a multiply connected
region A enclosing N unitary vortices of total charge Q
is quantised and can be written as∮
∂A
v · dl = Q h
m
, (1)
where the superfluid velocity is defined as v(r, t) =
~
m∇ϕ(r, t), with m the polariton mass and ϕ(r, t) the
phase of the condensate. When the area A is uniformly
covered by Q vortices with spacing d, we have that∫
A
(∇× v) · dA = 2QΩd2 , (2)
3Figure 3: (a) Experimental realizations in different configurations (A-J, see Tab. S1 in [28]) show that the lattice rotates over
time with an angular velocity following the Feynman rule. (b) Inter-vortex distances over time for three cases with total charge
equal to Q = ±49 (red and blue dots), and Q = 0 (green dots). (c) Mean inter-vortex distances for three different initial
inter-vortex separation, and Q = 49. (d) The orientation angle of the whole lattice, for the same cases as in (c). The lattice
spacing and orientation angle have been obtained upon averaging on the inner 5× 5 sublattice.
implying that we can define a coarse-grained, overall vor-
ticity for the superfluid, associated to an angular rota-
tion velocity, Ω. By the Stokes theorem, it follows the
Feynman-Onsager relation [21, 22]
h
2m
= Ωd2 . (3)
In experiments with superfluid helium [1, 3], when the
system is put into rotation at constant frequency Ω, at
equilibrium a regular array of vortices of equal sign uni-
tary charge is formed with an average density in agree-
ment with Eq. (3). Experiments with gaseous BECs at
equilirium in stationary cylindrical traps [23, 24] confirm
these results with the formation of triangular (or hexago-
nal) lattices containing up to hundreds of vortices. How-
ever, in our system the condensate expands due to the
absence of confining potential and a stationary state can
never be reached, leading to both the vortex spacing and
the rotation frequency to change in time.
In Fig. 3a, we show results for Eq. (3) by taking the
time average of the quantity Ω(t)d2(t) for several experi-
mental realizations, corresponding to either different ini-
tial vortex separation d0, different total charge Q or total
number of vortices N (see [28]). The error bars represent
temporal fluctuations, for each set of measurements. The
excellent agreement confirms that the effective rotation
rate is self-adjusted to mimic an instantaneous solid-body
rotation at any given time, in the presence of a (slowly)
expanding condensate, even if the system is far from be-
ing in equilibrium. Note that it is evident from Eq. (2)
and confirmed by the experiments, that when the total
injected topological charge is null (array of vortices and
antivortices), the rotation rate is also zero. In such a case,
the lattice which shrinks in time, as shown in Fig. 3b
(green dots), due to the mutual vortex-antivortex attrac-
tion. On the contrary for a regular lattice of same-sign
charges the rotation is also accompanied by a spacing d¯
increasing in time (red and blue dots).
We now show that once a condensate is set into mo-
tion, its behavior can be associated to the pure laws of
inertia. For this, we can look at the initial condition as
that of a rigid-body rotation, in agreement to the Feyn-
man relation for any portion of fluid at a given distance
from the centre. It means that, upon neglecting the dis-
cretization due to the lattice cores positions and a small
radial momentum, we observe a purely azimuthal veloc-
ity which is proportional to the distance from the centre,
v = Ω0 × r. Given that the fluid is free to expand, ev-
ery particle and wavefunction pattern, continue to move
along a straight line with the initial velocity. This means
that the inter-vortex distance increases, following a law
of analogue form to what expected for the density of a
diffusing optical beam and for an expanding BEC of non-
interacting particles after the release from a magnetic
trap,
d(t) = d0
√
1 +
(
a
d20
t
)2
, (4)
where a = h/2m in the linear regime. This law applies to
any other distance and pattern inside the cloud, and ev-
erything scales up according to the initial angular speed
Ω0 = a/d
2
0. Intrinsic to this linear motion, and differ-
ently to a pure rotation, the initial azimuthal velocity
4keeps basically constant in both module and direction,
and becomes asymptotically radial. Noteworthy, while
any portion of the polariton cloud and the vortex cores
do in reality move along a straight line, the circular sym-
metry of initial velocities is such that any shape, such as
the square lattice, appears to be expanding and rotating
at later times. This angle of rotation can be written upon
geometrical considerations as:
θ = b · arctan
(
a
d20
t
)
, (5)
with the prefactor b = 1 in the linear regime, meaning
that the limit angle tends to 90 degrees. The Eqs. 4
and 5 have been used for the fits in Fig. 3c,d, giving a
very good agreement on the parameter a among the three
cases (and among independent fits to the spacing and the
angle), while the parameter b is hold constant.
If we add interactions to the polariton condensate the
expansion is faster, given that the interaction energy at
t = 0 is released into kinetic energy during the initial
evolution of the superfluid. If up to now everything is
described in purely geometric and kinematics terms, the
changing velocity in time marks the onset of a dynamical
regime where the nonlinearities introduce a force term.
This effect is shown in Fig. 4, where we compare the time
evolution of the system, numerically integrating the GP
equation (see details in [28]), with four different values
of the nonlinear coupling constant g and the same ini-
tial state. In the linear case, each vortex would move
along a straight line [26], while the nonlinear repulsion
(taken as a purely radial force) is responsible for a devi-
ation in the trajectory (Fig. 4c) due to the earlier onset
of a radial component of the velocity proportional to g.
The deflection vanishes over time as it does the polariton
density, due to both losses and expansion. Such struc-
tured movements represent a conformal reshaping which
preserves relative angles and distances, as in the linear
regime. However, for the nonlinear case, the expansion
is initially accelerated and the limit angle of rotation at
long times is reduced, due to the radial push bending the
lines, as also shown by the parameters a and b retrieved
from the fits in Fig. 4a,b, respectively (see also Fig. S3
in [28]).
Finally, we highlight that the strength of the inter-
actions is responsible for sustaining on a longer time
the rigid-like behaviour of the lattice. Indeed when
increasing the nonlinear coupling, the scale separation
between the vortex spacing and the core size (healing
length) also grows, and the vortex arrangement is
dominated by the kinetic energy of the superfluid flow.
In trapped BECs or in the confined helium, diluted
vortices rearrange themselves into a steady configuration
[30]. In the opposite limit of very small g, or waiting
enough time in the polariton evolution, this condition
may cease to be valid and a new regime may arise, as
reported in [29].
Figure 4: Geometrical parameters of the vortex lattice ob-
tained from the numerical simulation of the GP equation, at
varying the nonlinear coupling strength g, expressed in meV
µm2: blue g = 0 (i.e. the linear case), orange g = 5e−4,
green g = 5e−3, red g = 5e−2. Details in [28]. (a) The mean
inter-vortex separation d(t), computed as the average over the
first neighbors distances in the 5 × 5 sublattice (dots). Solid
lines are the fit of Eq. 4, with different value of the parame-
ter a. (b) The lattice angles of orientation θ (dots) and their
fits (solid lines) with Eq. 5. The parameter b, representing
the limit angle of rotation, decreases as the nonlinearity is in-
creased. (c) A scheme depicting the lattice kinematics. The
planar trajectories of two vortices are shown as an example
(color dots). Solid black arrows are the azimuthal velocities
for solid body rotation on the circular trajectory. In the linear
case the two vortices are launched along straight paths (blue
dots). In the nonlinear case, they are pushed radially by the
repulsive interaction within the cloud (central color arrows),
resulting in stronger and stronger bends (orange, green, red
dots, respectively). The accelerated expansion comes together
with a smaller limit angle.
We have shown that out-of-equilibrium, untrapped
Bose-Einstein condensates do exhibit rigid-body rota-
tion, compensating the ballistic radial expansion by a
decreasing angular velocity. Our results open up the pos-
sibility to experimentally achieve configurations with a
very high vortex density and a high degree of control,
key features to observe turbulent-like regimes. Further-
5more, the reshaping associated to encoding of positive
and negative vortex charges in each site could also repre-
sent a novel degree in neural network schemes for machine
learning [27], greatly empowering the natural nonlinear
effects.
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Appendix: Methods
The semiconductor microcavity used in these experi-
ments is a planar microcavity with 12 GaAs quantum
wells embedded in two distributed Bragg reflectors con-
sisting of AlxGa1−xAs layers with aluminium fractions of
0.2 and 0.95. As in most experiments of this kind, the
microcavity is kept at a cryogenic temperature of ∼ 5
K. The high Q-factor of this structure (> 105) results in
a very long lifetime for the polaritons (> 50 ps), which
allows the study of fairly long dynamics of the system.
To shape the phase profile of the incoming laser beam,
we used a spatial light modulator (SLM), a tunable liq-
uid crystal retarder. A 80 MHz pulsed laser with a pulse
duration of 2 ps is used to resonantly excite the microcav-
ity sample at a wavelength of 790 nm and directly create
a polariton fluid, carrying a vortex lattice. After the
initial input, the photoluminescence from the sample is
collected by a CCD and analysed with phase-shifting dig-
ital holography, an interferometric technique which gives
simultaneously information on the temporal dynamics of
amplitude and phase of the signal with a time resolution
of 1 ps. The experimental setup is shown schematically
in Fig. 1 in the main text. The access to the phase of
the system allows us to track the positions of the vortex
cores by measuring phase jumps of 2pi in local circui-
tations, which represents a great advantage with respect
to atomic BECs.
Appendix: Configurations
In Fig. 3d in the main text we show how the Feynman-
Onsager relation holds true for different realizations of
the experiment. Each case is labelled with a letter from
A to J and corresponds to a change in either the inter-
vortex initial separation (d0), their number (N) or the
total topological charge (Q), as summarized in Tab. I.
Additionally we show the phase pattern of three
lattices of 7 × 7 vortices, with total charge equal to
Q = 49, Q = 0 and Q = −49 in Fig. 5(a-c), respectively.
In Fig. 5(d-e), the trajectories of the vortices, in a
d0(µm) N Q
A 21 49 -49
B 26 49 -49
C 26 49 49
D 26 49 -49
E* 26 49 -49
F 31 49 -49
G 22 25 -25
H 25 25 25
I 30 25 -25
J 35 25 -25
Table I: Key parameters for each different configuration of the
experiment (*lower pumping power).
Figure 5: (a-c) Initial phase patterns for three different config-
urations, with same total number of vortices N = 49 but dif-
ferent total charge, respectively Q = 49, Q = 0 and Q = −49.
Only the inner square sublattice of 25 vortex is highlighted.
(d-f) Trajectories of the inner 25 vortices over time for the
corresponding configurations.
time window of 60 ps, are shown for the three cases in
Fig. 5(a-c). The inner 5 × 5 sublattice is highlighted in
the first row panels, with a black dot on top of each
phase singularity and a thin intervortex link line in
between them.
When the total topological charge is null, as in
Fig. 5(b,e), the neutral lattice neither rotates nor
expands, on the opposite it slightly shrinks because of
vortex-antivortex attraction. It is possible to spot this
not only in the time integrated xy−trajectories on the
map, but also in the corresponding intervortex distance,
or lattice cell parameter, which is derived as a mean
among all the first neighbors couples as shown in Fig. 3a
in the main text. For the Q = 0 neutral lattice (green
dots) there is a continuously decreasing distance in the
observed dynamics. The polariton lifetime is not long
enough to eventually see vortex-antivortex annihilation.
For both cases Q = ±49, whose initial phase maps are
shown in Fig. 5(a,c) and xy−trajectories are shown in
Fig. 5(d,f), the lattice does evolve under the combined
effect of a rotation and expansion movement.
6Figure 6: Evolution of the lattice radius. The black dots are
the experimental data while the red line and the grey dashed
line come from two simulations with and without a nonlinear
term, respectively.
Figure 7: Parameters controlling the behaviour of the vortex
lattice during its expansion and rotation as a function of g.
In the linear regime a = h/2m and b = 1.
Appendix: Fitting
Polariton-polariton interactions are the key element
that make the difference between a pure optical beam
and a polariton beam. This is clear in Fig. 6, where we
show that for a simulation (red solid line) to match the
experimental evolution of the lattice radius (black dots)
it is necessary to consider a nonlinear term (ng = 0.5
meV). In constrast, a linear expansion (grey dashed line)
is much slower. Furthermore good indicators of the ef-
fects of the interactions are also the parameters a and b
used in equations 4 and 5 in the main text. Their be-
haviour as a function of the coupling constant g is shown
in Fig 7: the first increasing takes into account the faster
and faster expansion as the interaction strength grows,
the latter decreasing indicates the consequential reduc-
tion of the limit angle in the lattice rotation.
Appendix: Direct Numerical Simulations
The spatio-temporal evolution of the vortex lattice
within the polariton fluid is described in terms of the
two-dimensional Gross-Pitaevskii model equation for the
condensate order parameter Ψ(r, t),
i~
∂Ψ(r, t)
∂t
=
[
− ~
2
2m
∇2 + g |Ψ(r, t)|2 − i~Γ
2
]
Ψ(r, t) ,
(A.1)
where m is the effective mass of the lower polariton
branch, g is the polariton-polariton interaction strength,
and Γ is the lower polariton loss rate [12]. Numerical
simulations of the equation above are performed using a
pseudo-spectral code, with a standard split-step Fourier
method for the kinetic term [33], and a Runge-Kutta
method for the non-linear term solved in real space. The
physical domain is 2L×2L, and is discretised on an reg-
ular square NX ×NY grid. De-aliasing with the 2/3 rule
(i.e., at kmax = 23
NX
2 ) is applied [34].
All runs are initialised with the condensate order param-
eter Ψ(r), such that [35]
Ψ(r) =
√
n0
N∏
j=1
ζ(rj/ξ) e
±iφ, (A.2)
ζ(r0/ξ) =
√
(x− x0)2 + (y − y0)2√
ξ2/Λ2 + (x− x0)2 + (y − y0)2
.(A.3)
If equi-spaced, this corresponds to a regular, square
lattice with N single-charge vortices, each vortex being
centered at rj = (xj , yj); n0 is the uniform polariton
density amplitude; the parameter Λ = 0.8249 controls
the slope of vortex solution in the deep core of the vor-
tex, and ξ = ~/√gmn0 is the healing length estimated
on the initial uniform condensate density. For the scaling
ansatz (A.2) to be valid, the lattice spacing (d = |ri−rj |)
has to be much larger than the healing length ξ.
We performed different series of runs by varying the
number of vortices N , the total charge of the lattice
Q, the initial value of the density n0, the lattice spac-
ing d(t = 0), the grid resolution NX , and the non-
linear coupling strength g. In the paper, we limit our
discussion to the runs having the following parameters:
N = 49, Q = (+49,−49, 0); the number of grid point
NX × NY = 20482; the size of the domain L = 350µm;
the initial lattice spacing d(0) = 26µm. The lower po-
lariton mass, estimated from the sample properties, is
m = 0.22 ps2 meV/µm2; the polariton-polariton in-
teraction strength, based on the sample properties, is
gexp = 5.10
−3meVµm2, but we also considered the val-
ues g = [10−4, 10−1, 10]gexp; the time step δt = 0.025
ps and the run duration T between T = (100, 200) ps.
Moreover for the runs here discussed we fixed the loss
rate Γ = 0. Finally, we have one free parameter to
match experimental conditions, that is the initial uni-
form density n0: for the runs here discussed it is n0 = 100
polariton/µm2. With this set of parameters, we checked
that the grid resolution dx = 2L/NX = 0.3µm is always
comparable or smaller than the healing length, indeed we
7have ξ0 ∈ [0.1, 14]µm for g in the explored range. Fol-
lowing the experiments, numerical simulations are per-
formed in the absence of a confining potential: this im-
plies that the condensate expands, and the kinetic energy
(Ekin = (~2/2m)
∫ |∇Ψ|2 d2r) grows in time at the ex-
penses of the interaction energy (Eint = g/2
∫ |Ψ|4 d2r).
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